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Abstract. Heavy rainfall leading to disasters is projected to intensify and become more frequent as the average
global temperature continues to rise. To manage flood risk, flood control plans that account for future climate
change are urgently needed in Japan. We have estimated the ratio of the intensity of heavy rainfall in the future to
that in the past (hereinafter referred to as “rainfall change rate”), using large-ensemble climate model predictions.
The results show that the average rainfall change rate across Japan is 1.1, with an increase in temperature of
2 °C. This phenomenon is higher in Hokkaido, the northernmost island in Japan. This seems to be due to the
large increase in sea surface temperature around Hokkaido as well as the high rate of increase in vapour pressure
in lower-temperature areas, based on the Tetens equation. The Japanese government has set the target rainfall
change rate for the flood control planning to 1.15 in Hokkaido and 1.1 for Japan excluding Hokkaido.

1 Introduction

Heavy rainfalls leading to disasters are projected to intensify
and become more frequent as the average global temperature
continues to rise. To manage flood risk, flood control plans
that account for future climate change are urgently needed
in Japan. In recent years, an ensemble climate-prediction
database has been developed, in which perturbations are ap-
plied to the boundary conditions of climate models in or-
der to perform a large number of calculations. Utilizing this
database, it is possible to evaluate probabilistically extreme
events such as heavy rains in the future.

For this reason, the National Institute for Land and Infras-
tructure Management (NILIM) is conducting research on fu-
ture changes in rainfall by analysing large-ensemble climate
model predictions from the perspective of developing flood
control planning methods that take climate change into ac-
count.

As part of that research, NILIM calculated the rainfall
change rate, which plays an important role in flood control
planning based on climate change, clarified the distribution
trend of values by regional divisions, and provided the tech-
nical data to the advisory committee of the Ministry of Land,
Infrastructure, Transport and Tourism (MLIT) (hereinafter
referred to as “the committee”). The results were analysed

in terms of the relationship between temperature and sat-
urated water vapour pressure, sea surface temperature, and
other factors, and the technical data were provided to the
committee. Then, based on these and other data, the com-
mittee set the target rainfall change rates to be used in flood
control planning based on climate change (MLIT, 2021).

This paper describes the method for calculating the tech-
nical data prepared by NILIM that were provided to the com-
mittee, from the perspective of the provider.

2 Methods

2.1 Characteristics of rainfall change rate

Climate change is projected assuming different levels of im-
pacts depending on socio-economic development and radia-
tive forcing scenarios. Therefore, in developing flood control
plans based on climate change, it is not possible to rely solely
on historical data; instead, climate-change predictions based
on models that take various scenarios into account must also
be considered.

However, the predictions of such models are known to
contain some biases. In utilizing climate-change prediction
models for flood control planning, there are several possible
ways to address these biases.
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One method is to directly evaluate the forecast outputs
from climate-change prediction models with bias correction.
Another method is to extract climate-change impacts as in-
dices from the forecast results and apply them as changes to
existing planning methods.

The rainfall change rate addressed in this paper belongs to
the latter method. One drawback of this approach is that it
cannot fully utilize changes such as spatiotemporal rainfall
patterns, but it is advantageous in that it provides a stable
indicator by capturing the global change trend due to climate
change, and the factors of change can be easily explained.

2.2 Calculation of rainfall change rate

2.2.1 Large-ensemble climate model predictions

Large-ensemble climate model predictions, which are known
as the database for policy decision-making for future climate
changes (d4PDF, 2015), are computed at a horizontal reso-
lution of 20 km under the representative concentration path-
ways (RCP) 8.5 scenario, which is a high-emissions scenario
that assumes no policy mitigation measures.

In this paper, we used two different outputs derived from
d4PDF, which were further dynamically downscaled to a hor-
izontal resolution of about 5 km, using the Nonhydrostatic
Regional Climate Model of the Meteorological Research In-
stitute.

One, the dataset (Yamada, 2021) we refer to as d4PDF
(5 km, Yamada), is the downscaled output for Hokkaido as
the target area in the Social Implementation Program on Cli-
mate Change Adaptation Technology (SI-CAT) of the Min-
istry of Education, Culture, Sports, Science and Technology
(MEXT), using the Earth Simulator of the Japan Agency
for Marine-Earth Science and Technology (JAMSTEC) (Ya-
mada et al., 2018; Hoshino et al., 2020). The other, the
dataset (Sasai, 2019) we refer to as d4PDF (5 km, SI-CAT),
is the downscaled output for Japan excluding Hokkaido in
SI-CAT, also using the Earth Simulator (Sasai et al., 2019).

2.2.2 Calculation process

The following is the process for calculating the rainfall
change rate.

1. Japan was divided into 15 areas, considering the possi-
bility that the rainfall change rate may differ from region
to region.

2. Among the ensemble climate-prediction data, the re-
lationships among accumulated rainfall, rainfall area,
and rainfall duration were organized for each year for
the data of past experiments (corresponding to climate
change from 1981 to 2010) and those of future ex-
periments (corresponding to a point in time when the
global average temperature rises 2 and 4 °C above the
pre-industrialization level in the mid-18th century). The

Figure 1. Regional division.

number of years of data is 360 years of past experi-
ments (30 years × 12 perturbations) and 360 years of
future experiments (30 years × 6 sea surface tempera-
ture [SST] patterns ×2 perturbations).

Here, 6 SST patterns refers to the six SST patterns (de-
noted CC, GF, HA, MI, MP, and MR) selected to avoid
similarity among them, based on a cluster analysis of
28 models among the coupled atmosphere–ocean mod-
els submitted to the Fifth Coupled Model Intercompar-
ison Project (CMIP5) of the Global Climate Research
Program.

3. We conducted a statistical analysis of the maximum an-
nual accumulated rainfall corresponding to the rainfall
area and duration obtained in (2) above and calculated
the ratio between the future and past experiments for
rainfall with a 1/100 annual exceedance probability. The
free software R was used to compute the statistical pa-
rameters. In organizing the data above, the average val-
ues were calculated for a total of nine patterns, including
three rainfall area patterns (400, 1600, 3600 km2) and
three rainfall duration patterns (12, 24, 48 h), assuming
a large river basin. In addition, we studied the case of a
small rainfall area (less than 400 km2) and the case of a
short rainfall duration (less than 12 h), assuming a small
river basin.

3 Results and discussion

3.1 Rainfall change rate for large river basin

The results averaged for 9 different rates – for rainfall dura-
tions of 12, 24, and 48 h and rainfall areas of 400, 1600, and
3600 km2 – are shown in Figs. 2 and 3. At a 4 °C increase in
the global average temperature, the arithmetic mean for all
regional divisions is about 1.25×, but the results for north
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Table 1. Sea surface temperature patterns (from d4PDF website).

CMIP5 model Abbreviation Organization(Nation)

CCSM4 CC National Center for Atmospheric Research (USA)
GFDL-CM3 GF NOAA Geophysical Fluid Dynamics Laboratory (USA)
HadGEM2-AO HA Met Office Hadley Centre (UK)
MIROC5 MI AORI, NIES, JAMSTEC (Japan)
MPI-ESM-MR MP Max Planck Institute for Meteorology (Germany)
MRI-CGCM3 MR Meteorological Research Institute (Japan)

Figure 2. Rainfall change rate for each regional division and SST
pattern (4 °C increase).

Figure 3. Rainfall change rate for each regional division and SST
pattern (2 °C increase).

and south Hokkaido and Northwest Kyushu exceed the na-
tional average in each of the 6 SST cases.

At a 2 °C increase in the average global temperature, the
arithmetic mean for all regional divisions is about 1.10×, but
the results for north and south Hokkaido exceed the national
average in each of the 6 SST cases.

Figure 4. Temperature increases for each SST pattern ((a) 4 °C in-
crease (b) 2 °C increase) (Modified by the author based on the data
provided by Meteorological Research Institute).

3.1.1 Discussion of sea surface temperature

The high value of the rainfall change rate for Hokkaido at
both a 4 and 2 °C increase in the average global temperature
is discussed from the perspective of SST.

The SSTs in the d4PDF future projections are calculated
by adding the future SST change pattern based on the 6 main
SST models of the CMIP5 to the observed SSTs minus the
trend component. Figure 4 show the temperature increase
for each SST model in d4PDF (20 km) for summer (June–
August) when the average global temperature increases by 4
and 2 °C, respectively.

At a 4 °C increase in the average global temperature
(Fig. 4a), the amount of SST increase is larger around
Hokkaido in all models. In contrast, in areas along the Pa-
cific Ocean on Japan’s other three main islands, the differ-

https://doi.org/10.5194/piahs-386-13-2024 Proc. IAHS, 386, 13–19, 2024



16 Y. Maeda et al.: Heavy rainfall intensity for flood control planning in Japan

Table 2. Saturated water vapour content at rising temperature calculated by Tetens equation (MLIT, 2021).

Present RCP2.6 RCP8.5

Sapporo < in North Hokkaido> Mean air temperature (Jun–Oct) 18.2 °C 19.6 °C 23.2 °C
Saturated water vapor pressure 20.9 hPa 22.8 hPa (+9 %) 28.4 hPa (+36 %)
Saturated water vapor content 15.6 g m−3 16.9 g m−3 (+8 %) 20.8 g m−3 (+33 %)

Tokyo <in Kanto> Mean air temperature (Jun–Oct) 24.2 °C 25.5 °C 28.6 °C
Saturated water vapor pressure 30.2 hPa 32.6 hPa (+8 %) 39.2 hPa (+30 %)
Saturated water vapor content 22.0 g m−3 23.7 g m−3 (+8 %) 28.2 g m−3 (+28 %)

Fukuoka <in Northwest Kyushu> Mean air temperature (Jun–Oct) 25.3 °C 26.6 °C 29.5 °C
Saturated water vapor pressure 32.3 hPa 34.8 hPa (+8 %) 41.2 hPa (+28 %)
Saturated water vapor content 23.5 g m−3 25.2 g m−3 (+7%) 29.6 g m−3 (+26%)

Okinawa <in Nansei Shoto> Mean air temperature (Jun-Oct) 27.4 °C 28.5 °C 30.9 °C
Saturated water vapor pressure 36.5 hPa 38.9 hPa (+7 %) 44.7 hPa (+22 %)
Saturated water vapor content 26.4 g m−3 28.0 g m−3 (+6 %) 31.9 g m−3 (+21 %)

ence in the amount of SST increase is larger, depending on
the model.

At a 2 °C increase in the average global temperature
(Fig. 4b), the amount of SST increase around Hokkaido
is particularly large in the CC, GF, and MP models, and
there are also areas of large SST increases in southeastern
Hokkaido in the MI model and in eastern Hokkaido in the
MR model.

It is possible that the large increase in SST around
Hokkaido may have influenced the high value of the rainfall
change rate for Hokkaido.

Similarly, the high value of the rainfall change rate for
northwest Kyushu only in the 4 °C-increase condition may
be due to difference in the amount of SST increase between
the 4 and 2 °C conditions. However, a more precise analysis
of the details, including changes in precipitation mechanisms
associated with changes in SST, is required.

3.1.2 Discussion of the relationship between
temperature and saturated water vapour pressure

As shown in the results in Sect. 3.1, the rainfall change rate
for north and south Hokkaido exceed the national average.

Utsumi et al. (2011) reported that the relationship be-
tween extreme 1-h precipitation intensity and surface tem-
perature shows a positive relationship up to a certain tem-
perature in the Japan region. They also reported that in win-
ter, the rate of increase in precipitation intensity with in-
creasing temperature in the area comprising Honshu and
Hokkaido was distributed around a value close to the satu-
rated water vapour rate of change (7 % °C−1) expected from
the Clausius–Clapeyron relationship.

Therefore, the high value of the rainfall change rate in
Hokkaido is discussed in terms of the rate of change of sat-
urated water vapour pressure/volume with temperature in-

crease expected from the Clausius–Clapeyron relationship,
and in terms of the amount of temperature increase.

Equation (1) is Tetens Equation (Tetens, 1930), which
shows the relationship between air temperature and saturated
water vapour pressure, which is used as a practical experi-
mental formula for the Clausius–Clapeyron relationship.

E = 6.11× 10
7.5T

T+237.3 (1)

(E: saturated water vapour pressure (hPa), T : air temperature
(°C))

In Tetens equation, the present air temperature and sat-
urated water vapour pressure are respectively T1 (°C) and
E1 (hPa), and the future air temperature and saturated water
vapour pressure are T 2= T 1+K (°C) and E2 (hPa). The
rate of change in saturated water vapour pressure (E2/E1) is
transformed as follows.

E2/E1 =

(
6.11× 10

7.5T2
T2+237.3

)
/

(
6.11× 10

7.5T1
T1+237.3

)
= 10

7.5×K×237.3
(T1+K+237.3)(T1+237.3) (2)

Therefore, if the temperature rise K (°C) is constant, the
lower the current temperature T 1 (°C), the larger the rate of
change in saturated water vapour pressure.

Next, Table 2 shows that higher-latitude regions in Japan
are generally projected to experience larger increases in an-
nual mean temperature, with future changes in annual mean
temperature at RCP 8.5 being 5.0 °C in Sapporo, 4.4 °C in
Tokyo, 4.2 °C in Fukuoka, and 3.5 °C in Okinawa. In addi-
tion to lower present temperatures in high-latitude regions,
higher temperature increases due to climate change may re-
sult in higher rates of increase in saturated water vapour in
Hokkaido compared with other regions (Sapporo: +33 %,
Tokyo to Okinawa: +28 % to +21 % at RCP 8.5) as well
as a high rainfall change rate.
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Figure 5. Relationship between rainfall duration (hour) (horizontal axis) and the rainfall change rate (vertical axis) (a) 4 °C increase (b) 2 °C
increase.

3.2 Rainfall change rate for small river basin

3.2.1 Rainfall change over a short period and small
area due to climate change

In the committee materials (MLIT, 2019), offered by Ya-
mada in 2019, the effect of climate change on rainfall was
suggested to be stronger when the time of rainfall events
is shorter and the area covered is smaller. It was also sug-
gested that the trend of spatiotemporal concentration of rain-
fall would be more pronounced at a 4 °C increase in the av-
erage global temperature compared with a 2 °C increase.

Therefore, in Sect. 3.2.2, we evaluate the trend of change
in rainfall change rate for a range of short rainfall durations

(12 h or less) and small rainfall areas (400 km2 or less), as-
suming small river basins.

3.2.2 Rainfall change rate in short time and small area

In this section, we focus on rainfall duration and calculate
the rainfall change rate for each rainfall duration for a rain-
fall area of 400 km2 and an annual exceedance probability of
1/100 for a 4 and 2 °C increase in the average global temper-
ature (Fig. 5).

At a 4 °C increase, for rainfall durations of less than 12 h,
the increasing trend of the rainfall change rate becomes more
pronounced, especially in north and south Hokkaido and in
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western Tohoku. Among the data for short rainfall durations,
the 3- and 6 h rainfall data in particular show an increasing
trend compared with the 12–48 h rainfall change rate for all
regional divisions. The rainfall change rate for rainfall dura-
tion of 3–6 h to that of 12–48 h averaged over all 15 regional
divisions was 1.05×.

However, at a 4 °C increase, for rainfall durations of 1 and
2 h, the results were divided into an increasing trend and a de-
creasing trend, depending on the regional division, compared
with the rainfall change rate for 12–48 h.

At a 2 °C increase, the results showed that the magnitude
of change for a short duration rainfall (3–6 h) was not as pro-
nounced as that for a 4 °C increase. No significant increase or
decrease in the rate of change was observed for rainfall for
1–2 h.

We also confirmed the rainfall change rate calculated by
d4PDF for rainfall areas of 400 km2 or less, under conditions
of 3, 6, and 12 h of rainfall duration for a 4 °C increase and
a 2 °C increase. In both models, there was no significant in-
crease or decrease in the rainfall change rate due to differ-
ences in rainfall area. Therefore, the rainfall change rate cal-
culated for rainfall areas of 400 km2 or more are considered
to be similar for smaller areas. However, it should be noted
that this is not a sufficient evaluation, especially for rainfall
areas of less than 100 km2, due to the d4PDF (5 km) resolu-
tion (25 km2 per mesh).

4 Conclusions

We have described the concepts and calculation methods for
rainfall change rate submitted by NILIM to the Japanese gov-
ernment’s advisory committee. The committee set the tar-
get rainfall change rate for flood control planning to 1.15 in
Hokkaido and 1.1 for Japan excluding Hokkaido, assuming
a 2 °C increase in the global average temperature.

Since the committee’s recommendation (revised in
April 2021) was issued, five fundamental river management
policies overseen by the government have been revised to use
the rainfall change rate described in this paper.

The rainfall change rate is considered a valid approach
for addressing the issue of flood control planning under cli-
mate change by taking into account conventional flood con-
trol planning methods and recent developments in climate
change forecasting technology.

However, the rainfall change rate is an indicator that fo-
cuses on rainfall and does not fully utilize the output of
climate-change prediction models, including the spatiotem-
poral distribution of rainfall. In flood control planning and
river management under climate change, it is therefore nec-
essary to continue examining the issue from various perspec-
tives in conjunction with the future development of climate
change forecasting technology.
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